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Strain-induced pseudomagnetic fields can mimic real magnetic fields to generate a zero-magnetic-field
analog of the Landau levels (LLs), i.e., the pseudo-Landau levels (PLLs), in graphene. The distinct nature
of the PLLs enables one to realize novel electronic states beyond what is feasible with real LLs. Here, we
show that it is possible to realize exotic electronic states through the coupling of zeroth PLLs in strained
graphene. In our experiment, nanoscale strained structures embedded with PLLs are generated along a one-
dimensional (1D) channel of suspended graphene monolayer. Our results demonstrate that the zeroth PLLs
of the strained structures are coupled together, exhibiting a serpentine pattern that snakes back and forth
along the 1D suspended graphene monolayer. These results are verified theoretically by large-scale
tight-binding calculations of the strained samples. Our result provides a new approach to realizing
novel quantum states and to engineering the electronic properties of graphene by using localized PLLs as
building blocks.
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A nonuniform strain in graphene can create pseudomag-
netic fields (PMFs), which generate a distinct Landau
quantization at zero external magnetic fields [1–6]. By
tuning the deformed structure of graphene, the PMFs can
be changed from zero to hundreds of tesla, providing an
efficient way to tailor the electronic properties of graphene
at the nanoscale [7–24]. Therefore, many efforts have been
made to introduce custom-designed strained structures [25–
28] and create PMFs in graphene [16–20]. Even more
interestingly, the different nature between the PMFs and the
real magnetic fields enables one to realize novel quantum
states that cannot be realized purely with the real magnetic
fields [15–20]. For example, a special valley-polarized
Landau quantization was observed in strained graphene
because the PMFs point in opposite directions at the two
different valleys of graphene and a combination of the
PMFs and real magnetic fields leads to imbalanced effec-
tive magnetic fields at distinct valleys [14,21]. The opposite
directions of the PMFs in the two valleys result in sublattice
polarization of the zeroth pseudo-Landau levels (PLLs) that
is not present for real LLs [13,19]. Moreover, the PLLs are
generated by the deformed structure of graphene and can be
localized at the nanoscale. In this Letter, by taking
advantage of the nanoscale localization of PLLs, we
demonstrate the realization of novel quantum states by
using the PLLs as building blocks. We realize one-
dimensional (1D) electronic states in graphene via coupled
zeroth PLLs, which are directly visualized in our scanning

tunneling microscopy (STM) measurements and supported
by a full tight-binding calculation.
In our experiment, strained structures are generated

along 1D channels of the suspended graphene monolayer.
To obtain the 1D channels, we adopt an etching technique
using high flow of hydrogen and metallic nanoparticles
[29–35]. The width of etched 1D channels ranges from a
few nanometers to several tens of nanometers (see
Supplemental Material, Figs. S1 and S2 [36]). Two types
of 1D channels are obtained after etching processes, as
summarized in Fig. 1. The first one is that both the topmost
graphene and the underlying graphene layers are etched
and the 1D trench with atomic-scale sharp edges of the
topmost graphene is shown in Figs. 1(a) and 1(c). The
second one is that the underlying graphene layers are
etched, leaving the topmost graphene layer untouched, as
shown in Figs. 1(b) and 1(e). These two types of the 1D
channels are quite different in the heights of trenches and
the strengths of the intervalley scattering around them, as
shown in Figs. 1(d) and 1(f). The ð ffiffiffi

3
p

×
ffiffiffi
3

p ÞR30° pattern
only can be observed in the first case because rough edges
at the atomic scale result in strong intervalley scattering in
graphene. In this work, we mainly focused on the bottom-
etched channel because that it provides 1D nanoscale
suspended graphene monolayer.
For most of the 1D suspended graphene membrane (the

1D structure above large Ni terraces or multilayer graphene
terraces), the length is over several hundreds of nanometers
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and there is no observable strained structure (Supplemental
Material, Figs. S1 and S2 [36]). However, for the 1D
suspended graphene monolayer above terraces with small
widths, we observe clearly strained structures along the 1D
structure, as shown in Figs. 2(a)–2(c) (see Supplemental
Material, Figs. S3 to S4 for more characterizations [36]). In
this case, the 1D suspended graphene monolayer is
suddenly cut off at the edges of the small terraces, which
may introduce strain in the short 1D suspended graphene
monolayer and, consequently, generate approximately
periodic ripples along it, as shown in Fig. 2(b) (see

Supplemental Material, Fig. S5 for other samples [36]).
The lattice constants are measured on the ripples and the
C─C bonds exhibit a variation of about 2% along two
orientations, suggesting that a tensile strain is generated on
the crest of ripples (see Supplemental Material, Fig. S6 for
the detailed analysis [36]) [42,43].
In strained graphene, lattice deformation can effectively

modulate electron hopping and create PLLs around the
Dirac point of graphene. The strain-induced PLLs can be
explicitly demonstrated by scanning tunneling spectro-
scopy (STS) measurements [7–14,16–23]. Figure 2(d)

FIG. 2. (a) A STM image of 1D channels on steps, Vs ¼ −1.8 V, I ¼ 0.1 nA. Scale bar: 20 nm. (b) Two-dimensional projection of the
longest channel in (a). The heads of ripples are labeled with black dots and numbers. Note that the ripples labeled as 4 and 8 are difficult
to be observed due to the small height. Vs ¼ 0.05 V, I ¼ 0.015 nA. Scale bar: 10 nm. Inset: the height profile along the black arrow.
The square frames of the insets show the triangular (hexagonal) lattice image on (off) the ripple. Vs ¼ 0.1 V, I ¼ 0.04 nA. Scale bar:
0.2 nm. (c) Close-up image of the black frame in (b). Scale bar: 3 nm. (d) Top panel is the dI=dV spectrum taken at the pink dot in (b).
The PMF is about 29 T, and the full width at half maximum (FWHM) of the zeroth PLL is 75 meV. Middle panel is the dI=dV spectrum
taken at the purple dot in (c). The splitting and FWHM of the zeroth PLLs are 56 and 110 meV, respectively. Bottom panel is the dI=dV
spectrum taken at the black dot in (c). The splitting and FWHM of the zeroth PLLs are 62 and 112 meV, respectively. The purple and red
solid lines are the fittings of the PLLs. (e) The distribution of PMFs in region I, which is extracted from experimental STS curves.

FIG. 1. (a) and (b) Depiction of the top (bottom) layer etched edges. (c) A STM image of top etched sharp edges, Vs ¼ 1.4 V,
I ¼ 0.6 nA. Inset: height profile across the edge. (d) Close-up atomic and FFT image of the square area in (c), Vs ¼ 0.4 V, I ¼ 0.5 pA.
Outer spots are the reciprocal lattices of graphene. The inner pattern is induced by intervalley scattering. Scale bar: 3.5 nm−1. (e) A STM
image of the bottom etched smooth channel, Vs ¼ −0.8 V, I ¼ 0.2 pA. (f) Close-up atomic and FFT image of the square area in (e).
Vs ¼ 0.6 V, I ¼ 0.1 nA. Scale bar: 3.5 nm−1.
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shows representative STS spectra measured on different
positions of the strained structure [marked in Fig. 2(c)] at
77 K. The pronounced peaks are attributed to the strain-
induced PLLs, which can be fitted well by the Landau
quantization of massless Dirac fermions in graphene
monolayer (see Supplemental Material, Fig. S7 for fitting
of the PLLs [36]). In our experiment, a robust zeroth PLL is
observed in spectra measured on positions with large strain
in the 1D channel. In contrast to the hexagonal lattice off
the ripple, the triangular lattice, as shown in the inset of
Fig. 2(b), is observed in the strained region at the energy of
the zeroth PLLs. The observed triangular lattice can further
confirm the nature of the zeroth PLLs in strained graphene
[13,19]. To measure the spatial distribution of the PMFs,
STS spectra at different positions of the 1D suspended
graphene monolayer are carefully measured. The values of
the PMFs in each position of the strained structures can be
obtained according to the fitting of the Landau quanti-
zation. Figure 2(e) shows the distribution of the PMFs
measured around four strained ripples along the 1D
suspended graphene monolayer. The PMFs are quite
nonuniform and show a maximum value on one side of
the ripple (ripple head) and a minimum value on the other
side (ripple tail). Notably, the PMFs exhibit a similar period
as the strained structures along the 1D structure.
In our experiment, the zeroth PLLs in the strained ripples

are quite different [Fig. 2(d)]. For a small partial of the
ripples, such as the ripple labeled as 80, there is only one
peak with a bandwidth of about 75 meV for the zeroth PLL.
However, for most of the ripples, such as the ripple labeled
as 7, the bandwidth of the zeroth PLL is as large as
110 meVand the zeroth PLL seems to be consisting of two
peaks (see Supplemental Material, Figs. S7 and S8 for more

data [36]). Such a difference is attributed to the different
coupling of the zeroth PLL between adjacent ripples. For
the ripple 80, the distance between adjacent ripples is
relatively large and, therefore, the coupling of the zeroth
PLL between adjacent ripples is quite weak. For the ripple
7, the small distance between adjacent ripples enables
strong coupling of the zeroth PLL and, consequently,
broadens the zeroth PLL. Here, we should point out that
the spatial extent of the zeroth PLL goes as lB ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiðℏ=eBÞp
(ℏ is the reduced Plank constant, e is the electric charge,
and B is the PMFs), therefore, a decrease of the PMF will
enhance coupling between the zeroth PLL and result in a
larger bandwidth of the zeroth PLL.
The coupling of the zeroth PLL is further confirmed by

carrying out measurements of conductance maps, which
reflect the spatial-distributed local density of states (LDOS),
at different energies, as shown in Figs. 3(a)–3(c) (see
Supplemental Material, Fig. S9 for more maps [36]). At
both positive and negative energies, far away from the zeroth
PLL, there is almost no serpentine feature induced by the
strained structures [Fig. 3(c)]. By reducing the energy to
approach the zeroth PLL, strain-induced electronic states are
observed along the 1D structure [Fig. 3(a)]. At the zeroth
PLL energy, shown in Fig. 3(b), we observe a serpentine
pattern that snakes back and forth along the 1D suspended
graphenemonolayer, arising from the coupling of the zeroth
PLL between adjacent ripples. In contrast to higher PLLs,
the states of the zeroth PLL are more robust because they are
independent of the PMF strength.
The serpentine pattern is further verified by utilizing a

large-scale propagation method in the framework of
tight-binding model. The strained graphene used in the
calculation is composed of transverse (x) buckling and

FIG. 3. dI=dV maps measured at the energy of (a) −0.1 eV, (b) 0.05 eV and 0.1 eV (around the zeroth PLL), (c) 0.4 eV and 0.6 eV.
(d)–(f) Theoretical calculated LDOS maps at the corresponding energies of −0.1 eV, 0.05 eV, 0.1 eV, 0.4 eV, and 0.5 eV. Scale bar:
10 nm. All images in the experiment or simulation have the same color scale.
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longitudinal (y) ripples (see Supplemental Material,
Fig. S10 for details [36]). The out-of-plane displacements
of buckling ζb and of ripples ζr are described as

ζb ¼
(−h; jxj < W

4
;

−h�
�
4�jxj
W − 1

�
pow

; W
4
≤ jxj ≤ W

2
;

ð1Þ

ζr ¼ A sinð2πy=λÞ; ð2Þ

where h and A are the amplitudes, W is the width of the
trench, and λ is the wavelength. The parameter pow
describes the shape of the buckling. Five setting parameters
h, A, W, λ, and pow of buckling and ripples are modu-
lated to mimic the strained structure inside the black
dashed rectangle in Fig. 2(b), and obtain the structure 1
in Fig. 4(a). The distortion-induced strain is defined as
ε ¼ ½ðPi di=3dÞ − 1� × 100% with di (i ¼ 1,2,3) the first
neighbor interatomic distance in the deformed lattice and
d ¼ 0.142 nm. As illustrated in Fig. 4(b), the ε shows a
periodicity and with the maximum value around 4% located
around the crossover (ripple head) of the buckling and
ripples. The strength of the strain-induced PMFs in the 1D
suspended graphene monolayer is evaluated in Fig. 4(c).
The PMFs exhibit the same period as the strained structure,
which is in good agreement with the experimental results.
Figure 4(d) shows representative LDOS at two different

positions of the strained structure. The strain-induced PLLs
can be explicitly identified. To further compare with the
experimental result, we calculate energy-fixed LDOS
of the 1D suspended graphene monolayer, as shown in

Figs. 3(d)–3(f). Similar to the experimental results, the 1D
winding states, exhibiting a serpentine pattern, are only
observed at the zeroth PLL energy (see Supplemental
Material, Fig. S11 for more cases [36]). The ripples in
Fig. 4(a) have varied amplitude A along the ripples, and the
strain decreases from the ripple head to tail. This feature
excludes the possibility of connecting highly localized states
induced by the strain in the ripples to form a snake-like
pattern (see Supplemental Material, Fig. S12 for details of
discussion [36]). More importantly, the generation of
coupled ripples does not require atomically precise control
of strain (see Supplemental Material, Figs. S13 and S14
[36]), which provides a new approach to exploring the
interactions of localized states at a large spatial scale [44,45].
To further explore the effects of strain, we carry out more

calculations of reducing the strain near the ripple head by de-
creasing 25% of the amplitude A (see Supplemental
Material, Fig. S15 [36]), as shown in Fig. 4(e) of structure
2. The PMF of this structure, as shown in Fig. 4(f), shows
lower intensity and the width of zero-mode increases from
180 to 250 meV. With the decrease of the PMFs, the
pseudomagnetic length increases, and the spatial extension
of the wavefunction becomes wider. Consequently, the
tunneling between two ripples increases and results in a
larger bandwidth. Moreover, we find that for the coupled
PLLs, the noteworthy spitting of PLLs is presented, which is
consistent with the experimental results (see Supplemental
Material, Fig. S16 for the theoretical result about the
sublattice polarized zeroth LLs [36]). Last but not least, a
Su-Schrieffer-Heeger (SSH) metallic state could be realized
if periodic ripples are generated along the 1D channel
(Supplemental Material, Fig. S17 [36]) [44–47].

FIG. 4. (a) Schematic representation of the calculated graphene monolayer embedded with buckling and periodic ripples that have
crests at an angle to the trench. The unit cell is marked with a white dotted frame. Inset: the armchair configuration along the channel. (b)
and (e) Contour plots of the calculated average strain ε of strained graphene structures 1 and 2, respectively. The pink areas denote the
ranges of the strain. (c) and (f) Calculated PMFs of structures 1 and 2. (d) and (g) Calculated LDOS of points 1 and 2 along ripples of
structures 1 and 2, respectively. The corresponding positions are marked by black and red dots in (a). LLs indices are marked in figures.
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In summary, we demonstrate the realization of the 1D
snakelike states in graphene by using the strain-induced
PLLs as building blocks. Via STM and STS measurements,
we directly image the realized electronic states. Our result
provides a new avenue to build custom-designed model
systems, such as the SSH chain [46,47], Lieb lattice, and
kagome lattice [48–51], via coupled PLLs.
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